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Jet Charge: A Flavor Prism for Spin Asymmetries at the Electron-Ion Collider
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We propose the jet charge observable as a novel probe of flavor structure in the nucleon spin program at
the electron ion collider (EIC) and develop the underlying framework from first principles. We show that jet
charge measurements can substantially enhance the sensitivity of spin asymmetries to different partonic
flavors in the nucleon. This sensitivity can be further improved by constructing the jet charge using only a
subset of hadron species (pions or kaons) in the jet. As an example, we use the Sivers asymmetry in back-
to-back electron-jet production at the EIC to show that the jet charge can be a unique tool in constraining

the Sivers function for different partonic flavors.

DOI: 10.1103/PhysRevLett.125.242003

Introduction.—The femtoscale structure of the nucleon
is a central mission of current experimental programs at
accelerator facilities such as the Relativistic Heavy Ion
Collider (RHIC) at Brookhaven National Lab, 12 GeV
CEBAF at Jefferson Lab, COMPASS at CERN, and
HERMES at DESY. It is also one of the major scientific
pillars of the future electron ion collider (EIC) [1,2]. In
particular, the flavor and spin structure of the nucleon in
terms of both one-dimensional and three-dimensional (3D)
imaging provides fascinating glimpses into the nontrivial
nonperturbative QCD dynamics.

One major tool to effectively deconvolute the exper-
imental information on the flavor and spin structure of the
nucleon, as encoded in unpolarized and polarized parton
distribution functions (PDFs) and their extensions such as
transverse momentum distributions (TMDs), is the “global
QCD analysis.” It treats all available probes simultaneously
to extract the universal PDF sets. For example, for the
polarized PDFs, one relies on polarized inclusive deep
inelastic scattering (DIS), semi-inclusive DIS (SIDIS), and
proton-proton collisions [3]. In general, in fully inclusive
DIS data it is difficult to disentangle different quark flavors,
unless one uses different targets such as the proton,
deuteron, and 3He [4,5]. In this regard, the SIDIS process
is crucial: it uses the detection of hadrons in the final state
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as a flavor tag of the initial-state PDFs, provided the
fragmentation functions are well known [6].

In recent years, measurements at RHIC and LHC
demonstrate that jets can be a useful probe for the spin
structure of the nucleon [7-9]. The advent of the EIC with
its high luminosity and polarized beams will unlock the full
potential of jets as novel tools for probing nucleon
structure. It is thus not a surprise that jet physics at the
EIC has become a fast emerging research field [10-18].
While great progress has been made in jet physics at the
EIC, flavor separation in jet production and the associated
spin asymmetries presents a major challenge and has not
been addressed in the literature. Measurements on jets are
typically inclusive over the final-state hadrons. As a
consequence, although jets are better proxies of parton-
level dynamics, they typically lack flavor tagging.
However, it is well known that flavor separation is essential
in mapping out the flavor and spin structure of the nucleon
at the EIC. Within this context, there have been some recent
works on measuring hadron distributions inside jets [16,19]
to allow for some amount of flavor separation.

In this Letter, we propose the jet charge observable [20]
as a novel flavor prism for jet observables at the EIC,
especially for spin asymmetries in jet production. Jet charge
has been studied extensively at the LHC [21-25], and
similar directions at the RHIC are under exploration
[26,27]. We develop a theoretical framework which allows
us to distinguish flavor in spin asymmetries, enabling jet
processes to reach their full potential in probing the flavor
and spin structure of the nucleon. As concrete examples, we
demonstrate for the first time the use of the jet charge
observable to provide enhanced u- and d-quark flavor
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sensitivity for both the unpolarized quark TMDs and the
polarized Sivers TMD functions using back-to-back
electron-jet production at the EIC. The unpolarized
TMDs are essential for the 3D imaging of the nucleon
and the Sivers TMD functions, in addition, encode quan-
tum correlations between the motion of partons and the spin
of the proton.

Jet charge.—The jet electric charge is constructed from
the definition [28,29]

QKE ZZZQ}H (1)

hejet

where « is a parameter and z, = p’/py, where p; and p’
denote the transverse momenta of the jet and the hadron &
with electric charge Q,,, respectively. The factor zj with
k > 0 suppresses the contribution of soft hadrons in the jet.
Different values of k lead to different shapes for the jet charge
distributions. It is found that the peaks in these distributions
forjetsinitiated by different quark flavors are better separated
forx ~ 0.3 [30]. Correspondingly, it is the default value used
in our analysis. Note that the definition of Q, allows for the
option of restricting the sum over / in the jet to include only
particular species, such as pions or kaons only. This flexi-
bility can be exploited for additional flavor separation.
Unpolarized TMDs.—We first consider the unpolarized
electron-proton scattering process in the electron-proton
center-of-mass (c.m.) frame, ¢ + p — e +jet + X, in the
back-to-back region where the electron-jet transverse
momentum imbalance gy = |p§ + pr| < ps ~ pr, is
small. Here p% and pr are the transverse momenta of
the outgoing electron and the jet, respectively. The con-

tribution to the cross section from parton i = u, d, - - - in the
proton is given by [10-12]
d’a __G@oyy / i
ar-bryy. (2)
o0pe )
dy. psdq, 7 ) (2x) ’

where y, denotes the outgoing lepton rapidity and by is the
transverse vector in the Fourier space conjugate to gy. e; is
the fractional charge carried by parton i and o [11] is the
Born cross section for the partonic subprocess. The spin-
averaged structure function W, for parton i has the
factorized form

Wi = fi(x,br,p)S;(br. R,p)H(Q, u) T i(prR. 1), (3)
where f;(x, by, i) is the unpolarized TMD function [31], H
is the hard function, S; is the soft factor [10-12], and Q is
the invariant mass of the virtual photon. [7;(prR, u) is the
universal jet function that describes the dynamics of the jet
with radius R initiated by the struck parton of flavor i [32—
34]. Equation (3) involves the factorization scale y, and also
implicitly depends on another scale y; [11], with central
values py and 2e77¢ / by, respectively, where y is the Euler
constant.

The measured cross section includes a sum over all
partonic channels so that doyy = >, doty,. Thus, it is
sensitive only to a specific flavor combination of TMDs.
However, by making an additional measurement of the jet
charge and grouping the data into jet charge bins, one can
enhance or suppress sensitivity to TMDs of different
flavors. The generalization of Eq. (2) in which the jet
charge Q, is also measured is achieved by replacing
Ji(prR.u) in W,; in Eq. (3) with the function
Gi(Ox, prR, u) [29], leading to the following result:

ds"'bu gi(Q/opTRuu)
dy d*psd®qr  Ji(prR. )

d%éju _
dy.d* p§d*qrdQy

(4)

Note that [ dQ,G:(Q,. prR.u) = J;(prR. i), so that inte-
grating over all p05$1ble jet charge values gives back the
standard jet cross section.

Since Eq. (4) is achieved simply by the replacement
J: = G;, the renormalization scale independence of the
cross section implies that the renormalization group evo-
lution properties of G; are exactly the same as J; [11,35].
The universality of both jet functions [J; and G; implies that
they also appear in the factorization formulas of different jet
processes in pp [35-40] and eTe™ collisions [34].

For jet charge binned data, its useful to introduce the Nth
moment for a jet initiated by the parton i,

gi(QK’ pTR7 ,Ll)

Ji(prR, u) ©)

(OY);m = / d0,0F
0O,€Ebin

In the rest of the work, we are particularly interested in the
Oth moment r; y;;, = (Q2) i pin Which, as seen from Egs. (4)
and (5), gives the fractional contribution in a given jet
charge bin and thus satisfies the sum rule > ;. 7 pin = 1.
The differential cross section restricted to the particular jet
charge bin is then given by

do UU bin
dy d*psd*qr ,-:L,Z;‘

&o!
i.bin dyedzpwcjlz J (6)
which follows from a combination of Egs. (4) and (5) with
N = 0. This is a key result that allows for flavor separation
of the TMDs through an appropriate selection of jet charge
bins that can enhance the contribution of the ith parton
flavor depending on the value of r; p;,.

Note that the universality of G; and .7; make the charge
bin fraction r;y;, process independent, allowing for their
extraction from a global analysis that makes use of binned
jet charge measurements in the electron-proton scattering,
pp collisions, and e* ¢~ annihilation processes with appro-
priate kinematic cuts. Furthermore, the r;;, are u inde-
pendent due to a cancellation of the scale dependence
between G; and 7; in Eq. (5).
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The r;,;, does, however, have a mild dependence on prR
via loop suppressed effects [29]. This loop suppression can
be understood by noting that at tree level the jet consists of
a single parton evolving into hadrons. The prR dependence
first arises at o, through a perturbative splitting within the
jet before hadronization. We have checked this behavior via
PYTHIAS [41] simulations over a wide range of p;R for
k = 0.3. This property can allow for the extraction of the
7ibin from jet observables over a wide range of kinematics.
In addition, the sum rule for r;y;, provides an additional
constraint.

The r;;, of different species i will also be related by
QCD flavor and charge conjugation symmetries, further
reducing the number of fit parameters. Furthermore, as seen
in Eq. (6), the r;.;, only affect the relative size of each
partonic contribution and not the shapes of their kinematic
distributions.

All these features facilitate the extraction of the 7;p,
through a global analysis. In fact, measurements of the jet
charge distribution have been carried out in both pp and
Pb Pb collisions at the LHC [21,22,25].

Single spin asymmetry.—One can generalize the factori-
zation to the process where the proton is transversely
polarized with spin vector S,. In this case, do(S,) =
doyy + doyr(S,), where the spin-dependent doyr
depends on the Sivers function [42]. Following the same
steps used to arrive at Eq. (6) for the unpolarized case, we
find that the transverse-spin dependent cross section within
a jet charge bin can be related to the standard transverse-
spin dependent cross section by

doyrpin(SL) _

ol (S1)
dy,d* psd*qr 2 » 7)

Ti bin 2 P

i=u,d, dyed p%d qr

where r;;, is the same as in the unpolarized case. The
standard transverse-spin dependent cross section for a
given partonic channel i reads [10-12]

ot (S1) 5 &by .,
S UL 250e,550 igrbryb (8
dyedpydar L/ a e )

where the spin-dependent structure function VV/; ; takes the
factorized form

Wh . = Fi (e by ) Sy (br, R ) H(Q, 1) T (prR. 1),

where fllTﬁl(x by, p) is the Sivers function [10-12], which
can be directly accessed via the single spin asymmetry

do(S1) = do(SY)  doyr
i 1) _ aoy 9)

do(S1) + do(St)  douy’

We denote the spin asymmetry in a particular jet charge bin
o
as AJT.

Similar to Eq. (6), Eq. (7) is another key result that
allows for flavor separation of the Sivers function. The
dominant contribution to Ay 7 is known to come from the u-
quark channel [11,43], resulting in sensitivity primarily to
the u-quark Sivers function. However, following Eq. (7), an
appropriate selection of jet charge bins could enhance the
sensitivity of A%%. to the Sivers functions of the other quark
flavors.

Phenomenology.—We present numerical results to dem-
onstrate the implications of the key results in Egs. (6) and
(7). We work with c.m. energy /s = 105 GeV and apply
event selection cuts of Q% > 10 GeV?, 0.1 <y <0.9,
15 GeV < p5 <20 GeV, gy £2.5 GeV, and 10 GeV <
pr <25 GeV, where y denotes the inelasticity. Jets are
constructed using anti-k; jet algorithm [44] with radius
R = 1. For the back-to-back electron-jet production, the
gluon TMD does not contribute so that the quark TMDs can
be probed cleanly. In the rest of the Letter, we present the
normalized g distribution, 6~ 'de/dqy, with y, and p$
integrated over the allowed range corresponding to the
above selection cuts. We include theoretical uncertainties
by varying u and p,, by a factor of 2 around their central
values and taking the envelope.

We first present the unpolarized studies. For calibration
purposes, in the upper panel of Fig. 1 we check the
consistency between PYTHIAS simulations and the theoreti-
cal predictions, only including the u-quark contribution.
Equation (2) is evaluated at the next-to-leading logarithmic
accuracy, with nonglobal logarithms included [10-12,
39,45]. We parametrize the u-quark TMD following
Ref. [11]. In Fig. 1, we see good agreement between
simulation and theory for the normalized g; distribution.

I N A N

o
T

o 'do/dqr(GeV")
o
T

= Pythia
— Factorization theory

o
T

(1 SRR SN IS SN S
0.8t ! 1
0.6 ru+ (Qc = 0.25) -
Zoa oo (10 < 0.25) 3
C e == o
otk o e B
0. 0.5 1. 15 2. 25
qr(GeV)
FIG. 1. The contribution of the u-quark TMD to the normalized

gy distribution 6~ 'do/dgy. The band shows the scale uncer-
tainty.
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TABLE I. The jet charge bin fractions r; . o for various quark
flavors, obtained from PYTHIAS.

u i d d s 5
it 0.52 0.17 0.15 0.53 0.30 0.34
ri_ 0.15 0.49 0.52 0.15 0.36 0.32

Tio 0.33 0.35 0.33 0.32 0.35 0.34

Next, we study the g distribution in different jet charge
bins. The jet charges are constructed using Eq. (1) with
k = 0.3 and only including charged pions in the sum over
hadrons. Thus, if a jet contains no charged pions, its charge
vanishes. We divide the data into three jet charge bins, the
negative (—) bin with Q, < —0.25, the neutral bin (0) with
|0.| < 0.25, and the positive bin (+) with O, > 0.25. This
jet charge bin choice is motivated by our finding that the
d-quark jet charge distribution peaks around Q, ~ —0.25.
See similar observation in Refs. [28,29].

The lower panel of Fig. 1 shows the jet charge bin
fractions r, . o for the u-quark jets as a function of gr.
These bin fractions were determined from PYTHIA and are
found to be independent of gy. This agrees with the
universality as expected from our factorization theorem.
In Table I, we summarize the r; .y values, including other
quark flavors. We find that r, o R 7510 R rax0~ Taz0
and r, 4 g~ r5 10, as expected from the QCD flavor and
charge conjugation symmetries and the fact that only
charged pions were included in constructing the jet charge.
A jet charge based only on charged kaons can increase the
negative charge bin fractions of the s quarks by a factor of
O(5) with respect to the u(d)-quark fraction, allowing for
better sensitivity to the strange quark distributions.

The values in Table I are used as inputs in the rest of the
analysis to make predictions for the relative size of
contributions from different quark flavors in each bin. In
practice, the bin fractions r; ;. o for each parton flavor could
be obtained with a fit of the cross section in Eq. (6) to the g1
spectrum in each bin, and used as inputs for predictions
of AbIn.

From Table I, selecting the negative bin will significantly
reduce the size of the u-quark contribution and enhance the
d-quark contribution, compared to the neutral and positive
bins. This can be seen in Fig. 2, where for O, > 0.25 (upper
panel), the d-quark and the sea quark contributions are
small and the u-quark contribution dominates the bulk of
the distribution. While, for Q, < —0.25 (bottom panel) the
u-quark contribution is now suppressed and the rest species
are relatively enhanced and more readily accessible in
experiment.

Next, we investigate the single spin asymmetry. Figure 3
shows a comparison of the theoretical predictions for the
standard asymmetry Ay with A%2. The predictions can be
compared with the future measurements. The Sivers func-
tions are parametrized following Ref. [46], except that we

r = Pythia 1

i G 20.25 — Factorization (Total) |

< 0.6 —

> S i
(0]

S i
~

S04 -

© i

> i

021 e

! d quark chamnel o ]
04:‘:’:&7::::::::::::::::*
0.8+ N

[ = Pythia ]

I Qc<-0.25 — Factorization (Total) |

T 0.6 -
> L 1
[0} | ]
g | |
~

50.47* i
s | /el

2t L e, |
1 [ S 4
©0.2- =

gr(GeV)

FIG. 2. The relative size of contributions from the unpolarized
u-, d-, and sea-quark TMDs.

ignore the strange quark Sivers functions in light of recent
global analysis which shows the very small size of their
contributions [47-49].

From Fig. 3, we see that Ay is positive and large for
0O, > 0.25, which is due to the dominant and positive u-
quark Sivers function, while the other channels are highly
suppressed. In the O, < —0.25 bin, the u-quark contribu-
tion is substantially reduced and comparable to the size of
the d-quark contribution. Thus, the cancellation between
the u- and d-quark Sivers functions leads to a small spin
asymmetry for Q, < —0.25. For |Q,| < 0.25, since the bin
fractions are roughly the same for all partonic channels, as
seen in Table I, the spin asymmetry is close to the standard

Gr e N R R
0.05—
0.04—
~ 0.03—
< —All @ bins —Q,<-0.25
0.02 — Q=025 |QJ<0.25 -
0.01F /f—\——
0.
ootb ol b b
0. 0.5 1. 1.5 2. 25
qr(GeV)
FIG. 3. Predictions for the Sivers asymmetry in different jet

charge bins.
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FIG. 4. Sensitivities of the d-quark channels to the Sivers
asymmetry.

Ayt as expected. Similar behavior is observed in SIDIS
when charged pions are measured [50].

Finally, we study the sensitivity of the asymmetry to
different quark flavors. As seen in the top panel of Fig. 4,
the standard Sivers asymmetry is not sensitive to the d-
quark Sivers function, since the size of the asymmetry Ayr
changes only slightly when one removes the d-quark
contribution (“w/o d quark”). However, if one restricts
to the Q, < —0.25 bin, removing the d-quark contribution
leads to a significant change in the asymmetry as seen in the
bottom panel of Fig. 4. This demonstrates the dramatically
enhanced sensitivity to the valence d-quark contribution
in Abn,

urT

Conclusions.—In this work, we propose the jet charge as
a unique flavor probe of polarized and unpolarized TMDs
at the EIC. As concrete examples, we study back-to-back
electron-jet production and we give predictions for the
small g distribution and the Sivers asymmetry in different
jet charge bins, based on a factorization framework. In
order to demonstrate its power for flavor separation, we
compare the flavor sensitivities of the jet charge binned
unpolarized cross section and the Sivers spin asymmetries
with their standard counterparts at the EIC. We show that
through an appropriate selection of the charge bins, the
sensitivity to the unpolarized TMDs and Sivers functions of
different quark species can be enhanced. The flavor
sensitivity can be further improved when using a specific
subset of hadron species to define the jet charge. Other
possible applications of the jet charge include probing the

spin-dependent collinear PDFs, like the helicity distribution
[51,52] and the Qiu-Sterman function [26,53]. We expect
the ideas proposed in this work to open new directions of
exploration for jet and spin physics at the future EIC and
complement other probes of the flavor information via the
conventional SIDIS process.
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